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Effect of inclined block on fuel mixing of multi hydrogen jets in scramjet engine
Abstract
© 2020 Elsevier Masson SAS Penetration and distribution of fuel inside the supersonic combustor
significantly influence on the overall performance of the scramjet. This research employed the numerical
technique to examine the mixing performance of the multi-hydrogen jets at supersonic airflow when the
downstream step exists in the downstream of the jet. CFD simulations are conducted to disclose the
feature of multi jets when a downstream step is applied. The effects of back step height, free stream
Mach number and fuel jet pressure on the mixing efficiency of the four hydrogen jets are disclosed. Our
study indicates that decreasing the back step height from 3 mm to 1.5 mm increases the mixing rate up
to 28% in downstream of the multi jets. Besides, the formation of the normal shock in upstream of the jet
reduces fuel mixing while the normalized mixing factor of fuel jets enhances in downstream of injectors.
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high-velocity flow, the necessity exists for the progress of a stable flameholding model for
application in the combustion chamber. The main significant issue for the advance of the
scramjet is fuel consumption [1, 2]. The scramjet does not require to carry oxygen, and this
considerably helps scramjets to fly more distance. Although it seems that this property of
scramjet is its advantage, the importance of the combustion process inside the combustor
becomes vital for the management of fuel consumption and energy saving in a scramjet engine
[3, 4, and 5].
The fuel injection distribution is a predominant factor for the stable auto-ignition zone inside
the combustor. The main characteristic of the injection system is to provide a large uniform
mixing zone where fuel distributes with the stochastic ratio inside the domain [6, 7]. Besides, the
residence time of the fuel also an important factor for the fuel injection system in the scramjet
engine. According to these properties, several kinds of research have been conducted to study the
fuel distribution mechanism inside supersonic airflow [7, 8, 9, and 10]. The mechanism of
injection fuel is highly related to the geometry of the combustor in the vicinity of the injectors.
Besides, the direction of the jet flow with air stream offers a new injection model for fuel mixing
within the combustor section of the scramjet. According to these characteristics, we could divide
injection systems to film injection, cross jet, and counter jets. The use of the cavity inside the
combustor also an efficient technique that is used for the fuel dispersion within the combustion
chamber. In this model, fuel remains longer in the vicinity of the injector due to the low speed of
the airflow in this approach [11, 12].
There are two main approaches for the evaluation of the fuel mixing process at the
combustor: experimental method and computational technique [13, 14]. Scientists have
considerably applied experimental methods for the investigations of the fuel injection system in
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the combustor until 2000. NASA released several documents that report their experimental
results for the subsonic and supersonic combustion chamber [15, 16]. In the last decades, the use
of the computational technique has been extraordinarily raised due to the progress of computer
processors. Thereafter, scholars in computational simulations have presented reliable CFD codes
for the computational study of the supersonic flow. Besides, the commercial codes also
developed significantly in recent years [17, 18]. Besides, the main issue for the computational
studies of the high-velocity flow has been resolved through the development of the current
turbulence models. Thus, the results of computational simulations become more trustworthy for
scientific investigations [16, 19, 20, and 21].
The multiport injection model, fuel is released through the multi injectors normal to the main
air stream. In this method, fuel jets diffuse to the mainstream more homogeny [22, 23]. Pudsey et
al. [24, 25] conducted broad computational investigations to compare fuel missing of the single
jet with equivalent four, eight and 16 multijet in different aspects. The temperature and Mach
contour of these models are compared to illustrate the flow structure of multi jets with a single
jet. Their findings indicate that mixing enhances in multi-jet cases. Besides, they showed that the
four and eight fuel jets are an efficient arrangement for fuel jet mixing. Although this approach
enhances mixing performance, the interface of the main stream with fuel jet is less than a single
jet. Thus, it should be modified to have both characteristics of homogeny mixing and a high
mixing rate. According to our previous simulations [26, 27, 28, and 29], the backpressure is
highly important on the flow pattern of the jet.
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Supersonic free
stream

Multi Hydrogen jets

Fig. 1 schematic of our model
Due to the impact of back-pressure on the formation and pressure of the jet, the application
of the downstream block is investigated on the fuel jet feature [30-38]. Figure 1 demonstrates the
proposed model for the expansion of the mixing zone in the downstream. In our model, the block
is used in the downstream of four multi jets. As demonstrated in fig. 1, the presence of back
block in the downstream of four micro jets results in the formation of compression shock which
deflects the fuel jet and air stream to the top. This model would develop the fuel mixing in the
downstream while it may results in the pressure drop. the latter condition is not favorable for the
combustion engine. Meanwhile, the choaking is the main disadvantageous of this system.
However, the penetration height increases in this model.
In this work, the presence of block in the downstream of four multi-jets is investigated to
disclose its effect on fuel mixing and distribution in downstream of fuel jets. CFD approach is
employed for the computational modeling of 3-D jet flow in the supersonic air stream. The
impact of free-stream Mach number, fuel jet pressure and height of the block on fuel jet
distribution is extensively studied. The size of the mixing zone and the value of mixing rate in
the downstream district of the multi-jet configuration are examined. This research focused on the
back height effects on fuel jet structure at supersonic airflow.
4

2. Governing equations and procedures for simulations
For the CFD investigation of the supersonic flow, Reynolds Average Navier Stocks
equations are employed as the main governing equation. Due to the shock interaction of free
stream with fuel jet, turbulence modeling is essential for the calculation of viscosity in our
model. SST turbulence model is a flexible model that could estimate the turbulence viscosity in
the region with high velocity and temperature gradient [38-44]. It is noted that the species
transport equation is also solved simultaneously for the modeling of the hydrogen gas in our
problem.

Figure 2 depicts the size of the domain for our selected model. As shown in the figure, there
are four multi jets with a jet diameter of 0.5 mm. The height and depth of inlet are 10 mm and
1.5 mm, respectively. The jet space is 3.5 mm and the gap of the first jet to inlet flow is 4 mm as
demonstrated in fig. 2. In this investigation, two back-step heights of 1.5 mm and 3 mm are
investigated. The length of the whole domain is 60 mm. Fig. 2 similarly demonstrates the used
5

boundary condition for our computational modeling. The Mach and pressure of the inflow air are
determined at inlet while pressure is chosen for outflow. The total pressure of the fuel jet is
determined as a fraction of the free stream total pressure known as Pressure Ratio (PR). The
symmetry is applied in two sides of the domain.

Fig. 3 Generated grid
Grid generation is a significant process for computational modeling in the high-velocity
domain. In this research, the structured grid is used for the proposed case as depicted in Fig. 3.
The size of the element is reduced in the vicinity of the jet injector as the fuel jet present a
considerable gradient in the main variables of the flows. Figure 3 also presents a zoom view of
the injectors and inclined surface. For certify of the produced grid, four different grids are
produced for the selected model. Table 1 presents the details of the grid and the fuel mass
fraction on the plane at 30 mm downstream of the last fuel jets. The changes of average
Hydrogen mass fraction on the chosen grid confirms that the fine grid with 1934000 cells is
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reasonable grid selection for our future simulations. The Y+ value in the selected grid is less than
3 in our investigations.
Table 1. Grid analysis
Num. of cells
Average Hydrogen mass fraction
Coarse grid

1031000

0.171

Medium grid

1364000

0.183

Fine grid

1934000

0.187

Very fine grid

2424000

0.189

For the initializing of computational simulation, inlet condition is used to reduce the
computational cost. Besides, a low CFL number is selected for initial iterations to avoid
divergence in simulations. To ensure the convergence, the average value of hydrogen fraction on
the two surfaces in the downstream of the jets is examined and the final solution is chosen when
its variation is less than 4% of the total value. In addition, the residuals of the main governing
equations are also evaluated and they were kept below 10-5 for the converged model [45, 46, 47,
48 and 49]. In the following section, more details about the final solution and correctness of the
results will be introduced.
3. Results and Discussion
3.1.Validation
For the validation of our results, penetration of fuel jet is chosen as a significant parameter
for the validation of computational simulations. Figure 4a presents the penetration of our
computational results with experimental data to prove the correctness of the numerical approach.
As shown in the figure, fuel penetration of our numerical investigation is highly close to other
7

results. The obtained results are close to the data of McClinton simulations. Meanwhile, obtained
results are compared with other numerical simulations (Fig. 4b). In this model, fuel mass
concentration in the downstream of the four micro jet was compared. The comparison confirm
the correctness of our numerical procedures.

a)

b)
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Fig 4. Comparison of our numerical simulation with a) experimental data b) computational
results

3.2. Flow feature analysis
Figure 5 demonstrates the effect of the downstream block on the flow feature of the multi
hydrogen jets. The figure compares jet feature when the height of the downstream block is 1.5
mm and the pressure ratio of injection fuel is 0.05 and 0.1. The 3-D contour indicates that the
existence of downstream block deflects the last jet to the upstream and fuel penetration in normal
direction enhances.

9

Fig. 5 evaluation of flow feature of multi jets under the effect of downstream block
To notice the effect of the downstream block, figure 6 presented the feature of the multi-fuel
jets without downstream block at a supersonic Mach number of 4. The comparison of figure 5
and 6 shows that the inclined surface increase the back pressure and this allows the fourth jet to
diffuses normally inside the domain. It is also noticed that the circulation within the gap of the
third and fourth jet is amplified due to the presence of block in the downstream of the fourth jet.
In fact, jet deflection results in the circulation in the corner in which swirl jet is formed in this
area.

Fig. 6 multi jet without downstream block
Figure 7 depicted a flowing stream of multi jets as the free stream Mach number is 3. The
comparison of free-stream Mach number of 3 and 4 demonstrates that increasing the free stream
velocity will augment the impacts of the downstream block on fuel distribution of multi jets.
Since the pressure of the fuel jets decreases due to the reduction of free stream, the fuel jets
hardly penetrate the main supersonic stream. Although the pressure of the jets is proportional to
the free stream total pressure, the mixing zone is limited and fuel interaction is high in Mach=3.
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Fig. 7 Jet formation in presence of downstream block at Mach=3

3.3. Height of downstream block
The influence of the downstream block on the fuel diffusion of multi jets are displayed in
Fig. 8. The outcomes show that accumulative the downstream height will limit the fuel jet
distribution inside the domain. Although it was expected that the mixing of fuel expands in the
high block height, the fuel jet restricted in the vicinity of the initial jets.
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1.5 mm

Fig. 8 Fuel jet structure under the effect of different heights of downstream block

To study the effect of high block height, fig. 9 compares the streamline and temperature on
the jet plane. In the step height of 1.5 mm, the deflection of the last jet pushes fuel into the
upward and temperature rises in the top wall due to deflection. It is also observed that
temperature rises homogenous inside the domain when the downstream step is 3 mm.
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Fig. 9 temperature distribution and streamline pattern for two heights of downstream block

Figure 10 demonstrates the Mach line of multi fuel-jets for these two back-step heights. As
demonstrated in the figure, bow Shock and jet boundary layer are specifically singed in the
figure. In the downstream height of 1.5 mm, these two layers are close together. However, it
seems that increasing the back step height considerably changes the inlet flow with normal shock
wave interaction with the bow shock. This interaction changes the jet layer inside the domain.
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Fig. 10 comparison of Mach contour in various heights of the downstream block (1: Bow
Shock, 2: Boundary layer)

The pressure changes inside the domain in these two conditions confirm the formation of the
normal shocks in the high back step (Fig. 11). The figure vividly shows that the high-pressure
region due to the presence of a back step extends to upstream and this results in the high-pressure
region which generates the normal shock in the upstream. This condition is not favorable for the
supersonic combustion chamber which the inflow stream remains supersonic in the domain.

14

3

Fig. 11 Effects of downstream block height on the arrangement of multi fuel-jets

3.4. Mixing efficiency
The effects of the back step on the fuel mixing performance of four jets are presented in Fig.
12. In this plot, the possessions of jet pressure on the mixing jet are normalized by the total mass
fuel rate to offer a reasonable comparison. The presented results are obtained for the model with
a back step height of 1.5 mm. Consistent with this comparison, increasing the jet pressure
declines the mixing efficiency in this model. The assessment of the air stream Mach number on
the fuel mixing factor at PR=0.1 indicates that mixing efficiency enhances with the reduction of
the free stream velocity. Although the 3-D jet contour in Fig. 7 depicts that the fuel distribution
in the vicinity of the jet is restricted, the mixing efficiency in the downstream improves
substantially.
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Fig. 11 Effects of downstream block height on the structure of multi fuel-jets

Figure 12 illustrates the influence of the back step height on the fuel mixing of multi fueljets. The achieved results indicate that decreasing the back step height from 3 mm to 1.5 mm
surges the mixing rate up to 28 % in downstream of the multi jets. As shown in the Mach
contour, the formation of the normal shock decreases the inlet velocity which decreases the jet
interaction of multi-fuel jets.
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Fig. 12 Effects of downstream block height on mixing efficiency of multi hydrogen-jets

As shown in the 3-D contour, the presence of downstream step changes the jet characteristics
and the mass flow of fuel jets is not similar although the pressure of the jet is identical. Hence,
we normalized the mixing efficiency via a mass flow rate of all jets. As shown in Fig. 8, the fuel
injection of the 4th jet in high back step height substantially decreases due to the high pressure of
the domain in the vicinity of the inclined surface. The comparison of normalized mixing
efficiency demonstrates that the normalized mixing rate of the fuel jets in the back step height of
3 mm is two times more than the model with a height of 1.5 mm. This may be due to the high
mixing performance of fuel jet in low mass flow rates.
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Fig. 13 Comparison of normalized mixing efficiency for two downstream step heights

4. Conclusion
The influence of back step height on the mixing performance of four multi-jets is widely
investigated at the supersonic air stream (Mach=4). This study applied a computational approach
for the simulation of the 3-D flow inside the combustor. The impacts of back step height, free
stream Mach number and fuel jet pressure on the mixing efficiency of the four hydrogen jets are
disclosed. The 3-D contour of the jet flow is presented for the assessment of these factors on the
mixing zone and fuel concentration in different flow conditions. Our study indicates that
decreasing the back step height from 3 mm to 1.5 mm increases the mixing rate up to 28% in
18

downstream of the multi jets. Besides, the formation of the normal shock in upstream of the jet
reduces fuel mixing while the normalized mixing factor enhances. The formation of the fuel jet
demonstrates the increasing the height of downstream block amplifies the back pressure which is
an effective factor for the mixing efficiency in the downstream of the jet. Meanwhile, this
method is efficient for low back step height (less than 2 mm) and increasing the back step height
more than 2mm would results in the upstream chock which is not favorable for the scramjet
engine.
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